Adhesion strength is one of the important properties that re°ects the quality of a plasma electrolytic oxidation (PEO) coating. Scratch testing can be considered as an appropriate technique to evaluate the adhesion strength of PEO coatings on magnesium, titanium, and aluminum substrates. The scratch test is usually performed either under a constant or a progressively increasing normal load, where the critical load is used as a measure of adhesion strength of the coatings. In this review paper, the e®ect of di®erent factors such as duration of coating processing, electrolyte composition, and processing current density, as well as di®erent additives to the electrolyte bath, was studied on the adhesion strength of PEO coatings formed on magnesium, titanium, and aluminum substrates. It is understood that an optimum increase in process time and input energy leads to a corresponding increase in thickness of the PEO dense oxide layer and, consequently, an increase in critical load and adhesion strength. Moreover, the electrolyte composition and additives were found to a®ect the coating microstructure and composition and, subsequently, the coating adhesion strength.
1. Introduction
Why PEO coating
Light alloys (such as magnesium, aluminum, and titanium) are widely used in aerospace, automotive, and medical applications because of their lightness, high strength-to-weight ratio, good thermal and electrical conductivities, and biocompatibility. [1] [2] [3] [4] [5] Meanwhile, application of these alloys is limited by some shortcomings such as poor tribological and corrosion resistance and lack of performance data in compliance with living tissue. [6] [7] [8] To surmount these shortcomings and improve the performance of the surface of these alloys, various coating methods (e.g., ion implantation, laser surfacing, di®usion treatment, thermal spraying, physical vapor deposition (PVD), chemical vapor deposition (CVD) and conversion coatings such as anodizing) are implemented. [9] [10] [11] Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO) or micro-plasma oxidation (MPO), is a high-voltage anodizing process used for magnesium, [12] [13] [14] [15] [16] aluminum, [17] [18] [19] [20] [21] and titanium [22] [23] [24] [25] [26] alloys. The mechanism of PEO ceramic coating formation is controlled by complex chemical, electrochemical and plasma reactions. During the process, plasma discharge causes the formation of a highly adhesive and dense oxide layer onto the substrate. [27] [28] [29] The developed oxide coating often has good corrosion resistance, 30 high hardness, 31 and good wear resistance. 32 Typically, durability of the coatings is dependent on their adhesion to the substrate. Higher the adhesion strength of the coating to the substrate, the greater the durability of the coating. An advantage of the PEO method in improving the coating performance compared to other methods (e.g. thermal spray and sol-gel) is the higher adhesion strength between coating and substrate. [33] [34] [35] [36] [37] [38] 
Application of scratch test for evaluating adhesion strength
Based on the above-mentioned points, applying a proper assessment method of coating adhesion strength is necessary. There are several approaches to determine the coating adhesion strength. An assessment method of coating adhesion strength depends on the type of coating and the substrate. [39] [40] [41] Among the various methods, scratch test is one of the quickest and most e®ective ways of determining the adhesion strength of coatings. This method is based on the development, progression and evaluation of a scratch created on a coated specimen using an indenter with a known size and geometry. The intender moves on a surface of the sample at a constant rate and concurrently applies the vertical force (constant or progressively increasing load) through an indenter onto the coating surface in plane. This vertical force that produces a certain amount of damage is named as \scratch critical load" (L C ). In a substrate/coating system, one or several scratch critical load (L CN ) is de¯ned for the progressive damage surfaces of the coating. The values of critical load can be considered as an adhesion of the coating's internal and external layers \cohesive strength" and adhesion of the coating with the substrate \adhesion strength". [42] [43] [44] [45] [46] [47] The measured coating adhesion strength is controlled by the interaction between the properties of the coating/substrate (such as hardness, fracture strength, modulus of elasticity, microstructure, composition, and thickness) and test parameters (including the properties of indenter geometric shape, loading rate, and displacement rate). The scratch adhesion test method can be employed to a wide range of hard ceramic coatings such as carbides, nitrides, oxides, diamond, and diamond-like carbon (DLC) developed using the PVD, CVD, and oxidation over the metal or ceramic. [48] [49] [50] [51] Ceramic coatings produced in this way could be either amorphous or crystalline but they all have generally a relatively high density and limited porosity (<5%). This method is commonly used for ceramic coatings with a thickness range of 1-30 m and the indenter utilized in this method is equipped with a diamond Rockwell C stylus with a radius of 200 m. In the case of thinner coatings, an indenter with a smaller radius and reduced vertical force is usually applied. Furthermore, for thicker coatings, the indenter having a larger radius and greater vertical force is required. Thus, any change in the geometry and applied vertical load might a®ect the¯nal results. 52 Two main methods for scratch testing use either a constant or a progressively increasing load. In the method of constant load, the applied vertical force is kept constant through an indenter. In this method, sequential scratch tests are carried out using incremental¯xed loads until reaching a critical load at which a certain damage or scratch on the surface is achieved. In the scratch test with progressively increasing load, the applied force on the indenter is linearly increased up to reaching a determined Fig. 1 . Local stress state during scratching procedure. 55 maximum force. The critical scratch load at which certain coating damage occurs depends on the interaction between the properties of coating substrate and parameters of the testing conditions. 53, 54 The complexity of the interaction between Rockwell C diamond intender slipping under vertical load and the coated sample is shown in Fig. 1 . The¯gure demonstrates the stress types and the actual geometric relationship between the diamond indenter and a 5 m thickness coating. A careful look at this image reveals that the scratch test is a localized forming operation between the indenter and the coating, leading to the creation of a compressive stress in front of the diamond and a tensile stress in its rear side. The shear strain caused by the friction between the indenter and the coating emerges at the contact surface. A bending stress is developed in the margin between the deformed zones and non-deformed ones.
Major failure mechanisms from the scratch test are by loss of continuity in the coating and by loss of adhesion between the coating and the substrate. Figure 2 indicates the relationship between these mechanisms and the damage caused by cracks and delamination. 55 Scratch atlas is used as a framework for evaluation and analyzing di®erent damage characteristics on the coating after the scratch test. A full description of the scratch atlas for hard ceramic coating is given in ASTM-C 1624. Here, an example of a PEO coating damage feature is presented in Fig. 3 which describes various forms of cracks on the coating surface.
It should be noted that scratch atlas is not generally enough for describing all forms of damages that occur during scratch tests. To identify the critical load in the scratch test, patterns from the current scratch in references with the images of scratch path generated on the samples were compared. Then, the location of coating damage was¯gured out eventually by its superimposition with the required force to damage and the amount of applied load equivalent to the critical load was determined. 44 In order to investigate the e®ect of each parameter, the best way is to identify the controlling factors of these parameters. Determining the in°uencing factors allows examining the changes occurred in the mentioned parameter and its behavior with other conditions as variables. This study was conducted to investigate the adhesion strength of the oxide coatings obtained by PEO on magnesium, aluminum, and titanium substrates. To this goal, parameters a®ecting the adhesion strength of magnesium, including coating hardness, microstructure, composition, and thickness were examined. Next, these factors are varied under di®erent conditions of the PEO coating process in order to measure the changes in their adhesion strength. Factors a®ecting adhesion strength during PEO processing are process time, electrolyte, additive, voltage, and applied current. However, in some cases, secondary processes after the coating such as thermal treatment might a®ect the adhesion strength of coatings. In this work, the e®ect of these factors on the PEO process and the resulting e®ect on the adhesion strength of the PEO coating on magnesium, aluminum, and titanium alloys are investigated. 2 or TiO 2 in the amount 4.0 g/L was studied. PEO process was conducted in the form of voltage control in the range of 60-160 V and a constant temperature. The process time lasted for 10 min for all samples. After obtaining the¯nal coating, scratch testing was carried out to evaluate the coating adhesion strength. A load range of 0.3-30 N and Rockwell C indenter with a radius of 200 m were applied. A 3 mm long scratch was created on the surface at the rate of 1.26 mm/min. Acoustic emission signal and SEM micrographs were analysed to evaluate the scratch path and determine the critical load. Figure 4 shows the scratches developed on three specimens. The values of critical load were calculated based on the location of ductility developed on the coating during the scratch path. These values for the electrolyte containing TiO 2 were signi¯cantly lower compared with those of ZrO 2 and Al 2 O 3 . The coating adhesion strength changed accordingly with an increase in coating hardness.
Adhesion
Moreover, in another research Pan et al. 59 investigated the e®ect of KF, NH 4 HF 2 , C 3 H 8 O 3 , and H 2 O 2 additives on the adhesion strength of an oxide coating obtained from the PEO process in the electrolyte containing these additives on ZK60 magnesium alloy. The electrolyte used in this process consisted of the solution of sodium silicate and potassium hydroxide as the base electrolyte. After preparation of the¯nal coating, the scratch test was implemented to evaluate the e®ect of an additive on the adhesion strength. Loading was applied to maximum 25 N with a progress rate of 10 mm/min over the scratch path and a speed of 2 N/min. The results of this study revealed that, by increasing the concentration of KF, NH 4 HF 2 , C 3 H 8 O 3 , and H 2 O 2 additives in the electrolyte, critical load, and thereby adhesion strength increase because of the increase in the coating thickness. Here, the largest critical load obtained is related to the sample coated in the electrolyte containing the highest concentration of NH 4 HF 2 .
Applied current density
Durdu et al. 60 addressed simultaneously the e®ect of an applied current density during the PEO process and the type of electrolyte on the adhesion strength of coatings obtained from this process on commercially pure (CP) magnesium. Silicate solution electrolyte comprised sodium silicate and potassium hydroxide, while the phosphate solution electrolyte contained sodium phosphate and potassium hydroxide. The PEO process in both electrolytes was carried out with three di®erent current densities 0.060, 0.085, and 0.14 A/cm 2 , respectively. The scratch test was performed on the coated Mg specimens to examine the e®ect of the current density on the coating adhesion strength. Loading was applied during the scratch test Figure 5 shows the scratch path formed on the samples tested. According to the obtained results, the increase in the applied current density gives rise to the enhanced coating thickness followed by a rise in adhesion strength of the coatingto-the-substrate. It has to be noted that the critical load indicates the adhesion strength between the substrate and the coating. The results concerning the e®ect of various factors on the adhesion strength of PEO coating on magnesium substrate are summarized in Table 1 .
A®ecting parameter on adhesion
strength of PEO coating on aluminum alloy
Duration of coating
Nie et al. 71 studied the e®ect of PEO duration on adhesion strength of coatings on 6082 aluminum alloy. Oxide coating was prepared using the PEO process in the range of 400-600 V with a constant frequency of 50 Hz to a constant current density. The electrolyte of the process was based on distilled water, sodium silicate, and other additives. To obtain different coating thicknesses, three process times were used in the¯nally prepared coatings with a nominal thickness of 100, 150, and 250 m on the surface. The scratch test was used to study the adhesion strength of the coatings with di®erent thicknesses. The loading was applied at a rate of 100 N/min up to a maximum load of 100 N and during the scratch path with a¯xed speed of 10 mm/min. The results of the scratch test showed that the critical load and accordingly adhesion strength of coatings increase with a corresponding increase in coating time because of the rise in coating thickness.
Electrolyte
Polat et al. 72 studied the e®ect of PEO electrolyte composition on the adhesion strength of PEO coating on 2017A aluminum alloy substrate. PEO process was performed using an alternating current and 100 kW power supply. The electrolyte utilized in this process is composed of potassium hydroxide and three (0, 4, and 8 g/L) concentrations of sodium silicate. After coating, adhesion strength was investigated using the scratch test. In this regard, the scratch test 
Additives
Li et al. 73 studied the e®ect of di®erent concentrations of TiO 2 added to the PEO process electrolyte on adhesion strength of the coating made from this process on the substrate of 6063 aluminum alloy. The electrolyte composition used in the PEO process was KOH and Na 2 SiO 3 dilute aqueous solutions. TiO 2 nanoparticles with an approximate size of 10 nm were dissolved in the concentrations ranges of 0.8-4 g/l in the electrolyte. The adhesion strength was evaluated in TiO 2 concentrations of 0, 0.8, 1.6, 2.4, 3.2, and 4.0 g/l. After the PEO process in certain conditions, the resulting adhesion strength of the coatings was assessed using the scratch test. For this purpose, the loading was performed at the rate of 100 N/min with a constant speed of 4 mm/min. Adhesion strength of the coatings resulting from di®erent TiO 2 contents into the electrolyte is presented in Fig. 6 .
Adding TiO 2 nanoparticles to the electrolyte leads to the signi¯cantly enhanced adhesion strength values. By increasing the amount of TiO 2 up to 3.2 g/l, adhesion strength is also shown to rise, followed by the drop in adhesion strength by the further increase of TiO 2 values. As shown in Fig. 7 , such a behavior might be attributed to the hardness changes.
Bipolar pulse currents
Yerokhin et al. 74 investigated the e®ect of bipolar pulse currents in the PEO process on the adhesion strength of the oxide coating. They prepared alkaline electrolyte solution and test samples of 2024 aluminum alloy. PEO process was performed in two different currents mode on two samples. For the reference sample, constant power density AC with the frequency of 50 Hz was applied. For the second sample, a bipolar pulse current with a frequency range of 0.5-10 kHz was used. After terminating the PEO process, the scratch test was utilized to evaluate the adhesion strength. Thus, loading occurred with the rate of 100 N/min and up to a maximum load of 100 N and passing the scratch path with the constant speed of 10 mm/min. The results obtained from the scratch test are presented in Fig. 8 .
As shown in the¯gure, adhesion strength values of the coating's inner and outer layers (cohesion when the coating layer starts to chip) of both samples are almost identical, as they are represented by the smaller amount of critical load L C1 . However, the L C2 indicates that the adhesion strength of the coating/ substrate interface is di®erent for two coatings. Reference sample at maximum load of 100 N leaves no slightest e®ect of fracture of crack in the scratch path, while for the coated specimen at bipolar pulse current, failure occurred at lower loads due to the pressure fracture-removal and in some cases ductility in the scratch path. The summarized results regarding the e®ect of various factors on the adhesion strength of PEO coatings on the aluminum substrate are shown in Table 2 .
A®ecting parameter on adhesion
strength of PEO coating on titanium alloy
Duration of coating
Durd et al. 85 studied the e®ect of PEO coating duration on the adhesion strength of the oxide coating obtained from this process on Ti-6Al-4V titanium alloy substrate. Then, under certain conditions of current, voltage, temperature, and electrolyte, samples were processed in four periods of 20, 40, 60, and 90-min. After preparation of the oxide coating, adhesion strength of the coatings was examined aided with scratch test and a subsequent optical microscope image. The scratch test was performed with the progressively increasing load, in the range of 0-30 N, and scratch formation with the length of 5 mm. Figure 9 presents the distance-load graph for a period of 20, 40, 60, and 90 min. The represented including L C1 , L C2 and L C3 indicate the initial fracture due to initial cracking, the secondary cracking due to widespread cracking and¯nal fracture due to detachment of coating, respectively.
Based on the obtained results, the increase in the process duration leads to an increase in the thickness of the oxidized layer followed by adhesion strength enhancement. In addition, the increase in process time will increase the amount of compounds a®ecting the adhesion strength.
Electrolyte
Yerokhin et al., 86 investigated the e®ect of electrolyte on the adhesion strength of PEO oxide coating on Ti-6Al-4V titanium alloy substrate. The electrolyte compositions used in the PEO process were KOH, K 2 SO 4 , Na 3 PO 4 Á12H 2 O, Na 2 SiO 3 , and KAlO 2 (Table 3) . After conducting PEO process and fabrication of oxide coating, the scratch test was applied to evaluate the adhesion strength. Loading was done up to the maximum load of 100 N with a loading rate of 40 N/min and 100 N/min and traveling scratch path with the speed of 10 mm/min. The results of the scratch test are shown in Fig. 10 , where the L C2 values represent the force required to fracture the coating adhesive layer. The maximum value of L C2 suggests the force required to fracture the adhesion strength of the coating. The maximum value of L C2 belongs to the coating provided in aluminate-phosphate electrolyte (L C2 (Al-P) ¼ 96 N) due to a combination of high hardness and thickness of this coating.
Heat treatment temperature
Cheng et al. 87 studied the e®ect of post heat treatment temperature on adhesion strength of the PEO coating fabricated on pure Ti sample. Samples were treated under the same circumstances of the coating process in terms of current, voltage, time, and electrolyte. Then, they were subject to heat treatment for one hour under air atmosphere at temperatures of 600 C, 700 C, and 800 C. Similarly, the adhesion strength of the coating was assessed using the scratch test and SEM micrographs. The scratch test was carried out with constant loads of 100 mN and 200 mN utilizing a diamond indenter with a radius of 6 m. Figure 11 presents SEM micrographs of the scratch on the titanium surface and the coating obtained from coating process after heat treatment and applied load. As it is seen, the scratch developed on the titanium is deep and inclined, whereas the one on the samples exposed to heat treatment is not capable of forming fracture by increasing the temperature. In other words, the adhesion strength of coatings increases by increasing the temperature of heat treatment. Increased heat treatment temperature leads to increasing TiO 2 content and will help increase coating strength and bonding strength at the interface. 
Applied voltage
Cheng et al. 88 studied the e®ect of the applied voltage in the PEO process on adhesion strength of the oxide coating produced by this method on pure titanium. In the following, the samples were taken as a substrate of pure titanium with certain dimensions to be treated under PEO process. To investigate the e®ect of the applied voltage, voltages of 200, 250, 300, 350, 400, and 450 V with a¯xed frequency of 600 Hz were applied for 5 min to the samples. After formation of the oxide coating from the PEO process, adhesion strength of the coating was evaluated using the scratch test. In this regard, constant loads of 100 N and 200 N through a diamond indenter were exerted to the specimens and the e®ect of load on the scratch path was studied by SEM microscope. Determination of adhesion strength at constant load was comparatively performed. Generally speaking, by developing a scratch and reviewing its path, the adhesion strength of coatings can be considered greater than constant load in the absence of cracks along the scratch path. Based on the results shown in Fig. 12 , micrograph illustrates scratch path with respect to the specimens with diverse voltages at the constant load of 100 mN. The¯gure also shows that the surface of pure titanium has a relatively deep crack with steep edges. Despite pure titanium, in the case of the 
Conclusion
A summary of this review is as follows:
(1) Generally, the thickness of the oxide layer increases with increasing the coating duration. The increase in coating thickness results in a rise in critical load and thus increasing the adhesion strength. (2) The electrolyte composition and additives a®ect the coating structure. Coating structure also a®ects the hardness and thereby its adhesion strength. (3) In general, by varying the input energy, thickness and composition the of coating were a®ected and consequently, adhesion strength of the coating was changed. (4) Post-PEO treatment steps lead to the enhanced adhesion strength by improving the microstructure of the coatings.
